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AERODYNAMIC DESIGN OF ATIRFOIL SECTIONS
K. Uemaya; M. 5mura, and T. Tanioka,

Aerodynamic ReseardhiiSectlon, 1lst Technical Division,
Nagoya Aircraft Mantfiacturing Plant (Mitsubishil Heavyifindustries)

1. Intreducticn

In the area of research on airfoil sections, which Hawve a
very important effeect on alrcraft performance, fragmentary
studies conducted in Great Britain and prewar Germany were fol-
lowed by a large-scale systematic airfoil research and development
project undertaken by NACA of the United States. These NACA alr-
foll sections have been wldely used in aircraft of all types
from low-speed aircraft to supersonic alreraft. But we have now
reachéd a stage where 1t has become possible to develop airfoil
sections which meet the various aircraft performance requirements
more rationally thanks to a deeper understanding of the effects
of the boundary layer and compressibility, as well as to progress
in the area of computers.

After a look at the history of the research and development
of past airfoll sections, this report will discuss methods for
designing optimal airfoil sections to satisfy requiredsspe¢ifica-
tions for the speed fange from low speed to high subsOnilc speeds,
and present their design applications in the form of twomnew types
of airfoil sections and cascade blades. This report will mention
calculation examples, most of which have been presented in various
publications, but many of the calculations methods cited in this
text have alreddy bbeen programmed at the Nagoya Alrcraft Manu-
faeturing Plant and are being used in the designing of such air-
foll sections as the rooftop~rear-logding . airfoils (ske ™

¥ Numbers in the margin indicate pagination in the foreign text.



Section 7.2).

As far as alrcraft wings are concerned, there are

various important subjécts which we are exploring, such as trans .
sonlc alrfolls, which include supercritical airfoild that are
raplidly gaining attentiontthese days, and sectional designs of

three~dimensional wings.

at every poilnt ontthe wing surface).

These subJects willl Bexdealt with on
other occasions, while thils report will deal solely with two-
dimensional subsonic atrfoll sections (under the velocity of sound

2. History of Airfoil Research and Development

In the early days, airfolils used to consist of cambered flat
sheets, but when practical applications of the thin wing theory
became feasible, there began the designing of airfoils which were
thin wings appropriately thickened to decrease the travel of the

center of pressure.

The Gottingen airfoils (Flg. 1) were developed

in Germany in the 1920's, while 1n the United States the NACA

four-digit airfoils (Fig.

2) were designed in the early 1930!s.
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Fig. 1. Some of the Géttingen
%irfoils.

Shortly thereafter,-in the

United States, alrfoils of /2
high maximum 11ft ccefficient
Clmax &nd low minimum drag
coefficlient Cpg, called the

NACA filve-diglt airfoils

(Fig. 34), were developed and
were wldely wused 1n various
countries before the war,
especially the NACA 23102.

These NACA profilessec-
tions were designed by
systematleally varylng the
distributions of the profile
Rather
than being designédwwith clear

thickness or camber.
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Fig. 2.. Some NACA four-digit airfoils [17].
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targets in terms of aérodynamic characteristics, they were Bullt
for the purpose of selecting those of superior characteristics
and defining areas of possible improvements through wind tunnel
tests.

Meanwhile, a method for calculating the pressure distribution /3
around a given alrfoll section in a nonviscous, imcompressible
flow was developed for the first time in the early 1930's [3].
Then, in thewsearly 1940's, it became possible to construct airfoils
possessing given pressure distributions by means of approximation
[47. Also, due to progress in researth on the boundary layer, it
became possible to estimate the polnt of transition from laminar
flow to turbulent flow, so that for the first time the pressure
distribution on the wing became an Important factor in ailrfoil
design. Consequently, there occurred a shift from the previous
concept of selecting airfoils of good characteristies by syste-
matically varying their shapes to the approach of attempting to
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"¥ig. 3. Some NACA five&digig airfoils and six-series
laminar airfoils [1].

(A) five-dlgit airfoils

{B) six-series laminar flow airféils

design practical airfoll sections by systematically varying their
pressure distribution.

As a result, the first laminar filow airfolls, the NACA one-~
series airfoils, were developed 1n the late » 1930's. In this
series, system 16 was widely used in propellers. This series was
followed by the development of the two-series to five-series
laminar flow alrfolls, in which the drag against thecdesign 1ift
was greatly reduced, but the problem of low maximum 1ift due to the
small curvature of the wing still remained. This problem was
successfully solved by the six~series laminar flow airfoils
(Fig. 3B), whith found wide application both before and after the
war.
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e . From the mld-194C's, the
. obJective of researchh
j// began to shift toward the

B

improvements of high-speed

= e e—

[ ABT D characteristics such as
ﬁ@%— L the rapid increase in drag
] —:;/Tﬁ?’_ at transonic speeds [5].
f ]'%?’r*?w‘g However, due to the ex-
E Hﬁﬁ treme complexity of the
: A . . mzozah flow around the airfoil

oA L
I 04 08 1.2 16 a0 24
Ninjic

T _ sectlion at transonic
Fig. 4. Relationship between nose

shape and stall characteristics [(6]. speeds, 1t was not pos=

Key: a. Nose stall; b. Thingwimng sible to determlne the
stall; ¢. Mixed type stall; &. shape or pressure distri-
d. Traliling edge stall; e. Stall
patterns; f. Nose radlus; g. Camber;
h. Definition of yi125 prove the characteristics,

and the systematlc develop-

bution which would im-

ment of airfolils gradually
7 fedkl out of use. With the develop-
ment of alrfoils in this state of

e temporary standstlll, researchers

Clman
mainly turned to experiments in -
their efforts to find explanations
i of the phenomena and methods for
improvement. This led to the
elucidation of such aspectsaas the

relationships of the profile and

thickness of the wing nose to the

08
7.\:: a
Ttngzzmb maximum 1ift coefficient at the

v L 3 ¥ 5 3% stall characteristics [6, 7] (Figs.

te % 4 and 5). These findings were
Fig. 5. Variation of CLmax
with nose shape [7].
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appliedd among other things, to

Key: a. ¢: wing chord the improvement of the low-speed
length;_b‘ tr maximum pro- characteristics of relatively thin
file thickness., alrfoils used in high-speed aircraft.



In our country, the late 1930's saw the perfection of prac-
tical airfotll theories [8, 9], which were used in the development
of various types of afrfoils Including laminar flow airfoils.
After the war, however, practically no substantial development of
alrfoils was undertaken until the late 1960%'s. The situatlon is
similar in West Germany too. Research into airfoils went on un-—
interruptedly in countries such as Great Britain and France, which
continued thelr development of alireraft during and after the war.
But since the emphasis of their research was on the improvements
of the transonic characteristics to accompany the development of
Taster aircraft, a systematic development of airfoils was not
conducted as in the case of the United States. They adopted the
method of constructing new alrfolls to meet the requirements of
airframes on a tkial-and-error basis with the existing airfoils
as the starting point.

B®ince the characteristics of the various NACA alrfolil types
are known through data from wind tunnel tests, and since the
airfolls are avallable in a wide range of combinatlons of profile
thickness and design 1ift coefficlents, they are being widely used
even teday.

Meanwhile, a gradual reevaluation of the NACA laminar flow
alrfolls began to take place from the mid-1950's, and this led to
the confirmation of the feasibillty of developing ailrfoils of
superlor characteristics [10]. In addition, we now have a good
prospect that it will soon be possible to estimate airfoil charac-
teristics which take the effects of the boundary layer into
congideration [11]. When the use of computers became practical in the
1960's, 1t became easler to calculate the pressure distribution
around the airfeil secticn. Furthermore, there was an improvement
in the accuracy of the calculation of the boundary layer charac-
teristics, so that by now it has becomenpossible to design alrfoils
which meet the required specifications from the theoretical calcula-
tions as far as subsonic airfoils (below velocity of sound at
every peoint on the wing surface) are concerned.

6
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Fig. 6. Design érocess.

Key: a. (1) Design route using cor-
rection of exlisting airfolls; b. Alir-
foll profile; c¢. Analysils of aerody-
namic characteristics; d. Calculation
of pressure dilstribution (nonviscous,
imcompressible flow); e. Correction
for compressibllity effect; £f. Calcu-
lation of boundary layer charateris-
ties; g. Calculation of three~compo-
nent characteristics; h. Bypass;

1. Characteristic calculatiocn loop;
J. (2) Desigh route when giving
pressure distributilon pattern;

k. Calculation of airfoil shape;

1. Pressure distribution pattern;

m. Correctlon; .n. Aerodynamic charac-
teristics; o. Comparison with re-
quired specifications; p. Fressure
distribution pattern determination
loop; d. Completed design

!

. 3. Deslen Process

There are two haoutes
by whiech an alrfoil
which satisfies given
specification reguire-
ments may be designed
(Fig. 6}.

1. correction of
existing alrfoils

The analysls of
characteristics and the

_correctiénmof profiles

are repeated.

2. alrfoll pro-
files sought by obtaining
pressure distribution
pattern.

First, the airfoil
calculations and the
pressure distribution
patterns are corrected
repeatedly until a
pressure distribution
pattern whiech satisfies
the requlired specifica-

tions cohcerning the alrfoll profile is obtained. Next, the

characteristics are analyzed and compared with the required aero-
dynamic specifications and, 1f necessary, the airfoil section or
the pressure distribution pattern is corrected.



Although it 1s possible to complete the design By routeli@? S
alone, this would bé unsuitable when the differences between the
initially given airfoil charactéristics and the required specifi-
cations to be satisfiéd are large, since the number of repetitions
would be increased. In such a case, it would be better first of
all to grasp the rélationship betWween the aerodynamic character-
istlics and the pressure distribution pattérn by means of
theoretical calculations or the analysis of wind tunnel test re-
sults, then to détermine the airfoil profile hy means of
calculations through the entirety of route 2, and flnally to
embark on the actual designing through route 1. Furthermore,
route 2 is indispensable for the desighning of airfolls with spe-
cial pressure distributlons.

i, Establishment of Required Specificatlons

The airfoll section must satisfy not only requirements in terms
of aerodynamie characteristics, but also requlrements 1n terms of
the geometrilc profille.

First of all, the principal requirements in terms of aero-
dynamic characteristics (Fig. 7A) are as follows:

(1) Maximum Lift Coefficient Crpmgx

This should be as high as possible. It 1s necessary to make
the curvature of the leading edge darge to prevent separation at
the nose,while the pressure climb at the back of the wing should
be slight 1n order to delay separation at the traillng edge.

(2) Minimum Drag Coefficlent Cpg

This should be as low as possible. Towthis end, 1t is
necessary to design the airfoll in such a way that the boundary
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Filg. 7. Principal requirements in a&rfoil desilgn.
A. Requirements in aerodynamic performance.
B. Requirements in terms of geometric profile

Stall characteristics

Cy,: 1ift coefflclent

Cp: drag coefficlent

Cm: pitching moment coefficient
Mach number

Crest point

Fuel space

Trailing edge profile thickness
Profile thickness

Flap

Trailing edge angle

Ssmoothness

Alleron

Key:

- - . .
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layer 1s maintained as a lambnar flow as far as the rear of the
wing, and, at the same time, separation does not occur at the

trailing edge.
(3) Maximum Lift-Drag Ratio (CL/Cplmax

This should be as high as possible. The pressure distribution
must be such that a high 1irt is obtained while separation of the

poundary layer is suppressed.



(4) 8Stall Characteristics

It 1s required that a rapld decrease in 1lift or changes in
thenpitching momént dognotebceurwr Tt 1s therefore necessary to
designaa pressure distribution pattern in which the spread of
geparation with réspéct to the angle of incidence 1s miid, as well
as to make the curvature of the nose large.

(5) Mach Number of Rapid Drag Increase Mp
This should be as high as possible. One solution 1s to main-
tain the speed at the crest point (¥Flg. 7A) below the local

velocity of sound.

Next, there are the following requirements concerning the
geometrlc profile (Fig. 7B).

(1) Maximum Profile Thickness tpgx

This should be as thick as possible from the standpoint of
fuel space and structural strength.

(2) Proflle Thickness Distribution of Trailing Edge

Ample space for housing the high 1ift device (flap) and the
leg 1s necessary. Also, an extremely thin trailing edge is not
practical from the standpoint of structural strength.

(3) Tralling Edge Angle

Thls must not be greater than a certain angle on the efféétivre~
ress of the ailteron may be impaired.

{



(4) Smoothness

Sudden changés in the curwature or surface depresslions must
be avolded as much as possible.

What is evident here is that it 1s not always possible to de«
sign an airfoil which would satisfy arbitrarilytgiven specifica-
tions, because some of these requirements are in conflict with
each other. Consequently, it 1s first of all necessary to carry
out adjustments in the required specilfications on the baslis of the
available data (for instance, Figs. 4 and 5).before entering the
design phase. Secondly, 1t is also necessary to make appropriate
corrections in the course of the deslgn process, so that needless
efforts may be avoided.

5. Analysis Method for Aerodynamic Charscteristics

The most reliable method of analyzing the characteristics of
an airfoil i1s the wind tunnel test. But, since thls method is
both time-consuming and costly, it is not sultable for conducting
fidrnareaching examinations in the initial stage df alrfoil design,
although it is effectlve for verifying the characteristics or
studying the effects of mlnor corrections. '

The method through calculation stl1ll remains ineffectual with
respect to conditions in which the effects of separation or com-
pressibility are major, but it has advanced to theopoint of
provlding sufficient accuracy for the analysis of characteristics
in the vicinity of the design polnt (in the range of normally used
Mach numbers and 1lift coefficients).

The analysls of characteristics for a glven airfoll section
sprofile may be divlded into the following four steps (Fig. 6);

11



1. calculation of pressure distribution {(nonviscous, in-
compressible flow);

2. correction for compressible flow;
3. calculation of boundary layer characteristics;
4. caleulation of three-compenent characteristics.

™~

It i1s not always necessary to go through all these steps.
In the initial stage of the design process, steps 2 or 3 are
sometimes bypassed.

5.1. Calculation of Pressure Distribution

Many methods have been developed, but it would seem that on
the basis of sultabllity for numerical value calculations and
applicability to both the pressure distribution calculation and
the airfoil profile calculatlion, Weber's methed [12] is suitable
for wings with a small camber, and Oeller's method [13], which was
developed as a theory ¥f the calculation of cascade blades, 1s
suitable for wings with a large camber.

5.1.1. Weber's Method

Although this method can only be applied to alrfoll sections
of relatively thin camber or proflle thickness, since it is based
on the microdistiurbance theory, its accuracy has been confirmed
to be sufficient in practical use wilthin the possible range of its
application. By now, its application has been expanded even to
analysis of airfoil characteristics which take into consideration
compressibllity and boundary layer effects, and good agreement
has been obtained with experimental values. Another advantage of
this methed is that 1t Is applicable to the design and characteris-
tics analysis of thﬁéé—dimensional wings. It 1is currently beilng
applied widely 1In this area.

12



In this method, it is assumed thattbhe wing surface is re=
presented by a combination of the camber and thickness, It is
noted that thé airfeil coordinates are dimensionless along the
wing chord.

camber Yo = 0.5 (yyprPER * YLOWER’ (1)

it

profile thickness y,. = 0.5 (yyppER © YLOWER)

Assuming that the flow around the alrfoil can be expressed 1In
terms of thewvortex y(x) and effusion 4¢x) distributed on the line
of the wing chord, their intensities are determined by the
boundary coridition

4r_ v v (2)

where Ug:: velocity of uniform flow
u, v: disturbance veloclties in the direction of the x and
vy axes.

Wits This boundary condition can be further divided into the
two conditions of

v, K "
ey 2 b
e h)

o | (3)
QrU)=ﬂ(Kutta's condition at tralling edge) \}

dy _ ve | (4)
s

The case of angle of incidence o = 0 is first considered.
The velocelty uY(x), which 1s induced by vortex distribution w

in the direction of the x axls, is given by equation (5), which
solves equation (3).

13



(2
S J‘ (5)

+: upper surface) -: lower surface

—

Similarly, the induced veloclty uqg(x) is gilven by equation (6),
which solves equation (4).

5\-(%.)¢-u=1+% o d€ F~¢

(6)

Next, the vetoclity ilncrease without the angle of lncidence
1s given by equation (7), which adds the effect of profile thicks
ness to the value in the case of a flat panel.

fu\ e y;}}de- (7)

i _(_?i)mf Esin "’\/ ) \de TH-6) ¢

When theuunlform flow rate Up and the induced velocities
above are combined, the védoecity distributions on the upper and
lower surfaces of the wing are obtalned. Normally, eguation (8),
which contains a correction for improvingmthe accuracy in the

vicinify of the nose, 1s used.

Ubd-_1+S“Hx)iS“Hr)iﬂna 122 (1+50(x))
Uy 1+ [SE{x) £ 5GI(x)12

(8)

where

A (Péx di
rJoy d8 x-¢

S (x) =

e

=2 fYdy . 3 | _d&
SME= J; { daz 25(1’-5)} Fy (93
1 j1=x [rdy. d¢
5 = ™ \/ % fu W\/_'IEE- P
. |

14



During the actual calculation of numerical values, profile
thickness y¢{x,) and camber y,(x)) are sought with respect to
the (N ~ 1) number of the x coordinates

x'=0.5(1+i:os __erg_) Tp=1, e \ N-1_1 (']_'_0)

before S(l)(xv),...,8(5)(xv) are calculated from equations (11).

N

- CTEN) =Ng:SCI(y. wizx.)
‘ N-1

| S®(n) =T SC2a, v)3elx)
: M-

| $9(5) ST SC s, 1)3,() +SCAN, ONEE (11)

| 54(x,) =:’)§“:SC4( s ) Yel20)

¥

' N=-
1‘1' 5(5)(;:,)=E:SCS(#. V)J’G(‘t’}
N [

In the above, p 1Is the nose radius and ¢ is the wing chord
length. The coefficilients SCi(u,v)...SC5(u,v) are glven in the
Appendix.

The advantage of Weber's method is that the above coefficlents
are defineduuniquely by gilving the partition number N, regardless
of the alrfoll type, so that the veloclty distribution can be cal-
culated easlly for any given airfoil section. As already stated,
the accuracy of this method, which is based on the microdisturbance
theory, deteriorates for large camber, profile thickness and
angle of incidence (Fig. 8), but its practicality is sufficient
with respect to the vieclnity of the design point of airfoils in the
range of common use in aircraft (Fig. 9). With respect to cas-
cade blades, there 1s Schlichting's method, which resembles
Weber's method, but we will omilt 1t on this occasion.

15
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Key: a. Strict solutlon
b. Finite element method

5.1.2. ©QOeller's Method

a=2 CL 2 e=12" c v C — e ———
W0 o maatanew) M0 ——ou KER fFinite Element
—eem 0530 FIRERE b —e——).48 Weber-Wilby Metho d)
-1 —-—0.512 Weber v -1} e My =10

In this method, the
0 : vortex is distributed over
(/1 * \\‘43 the wing surface, but,
’ unlike Weber's method,
i+ there 18 no restriction

Douglas DSMASZS NPL 313 ) on its application.

Fig. 9. Comparison of Weber's
method with other more exact The flow function of

methods [17, 18].
the flow around the wing

Key: a. Difference calculus (semil-
strict solution); b. Finite element can be expressed as
method; e¢. Striect solution

(12)
Ao el

put 1t has to be V¥ = ¢0 =‘const along the wing surface, since there
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is only one line of flow on the wing surface.

When the vortex

distribution y(s) is defined to satisfy this condition, the
velocity on the wing surface U(s) 1s glven simply by

U(s)=y(s) (

(13) /6
The function K(&,s') is
K, )= 7= In S GmER T | an
for a single airfoil, and
K(s, s')=-In R -
' (15)

= —]n‘/z{cosh 2“('1';_5) —~cos 2“‘({"’7) }J

for cascade blades (Fig. 10).
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Fig. 10. Caleulation model for
Geller's method.

Key: =a. Line element; b. Boun-
dary point of i-th line element;
¢. J-th line element; d. (Vor-
tex of uniform density i1s
distributed.)

A.(na—&dm) d

¢

Let us discuss the cal-
gﬁfg%%gﬁ Brocedure for a
single airfoil. The wing
surface 1is first divided
into N number of small ele-
Assumling that the

vortexidistribution is

ments.

uniform on these elements,
the integral 1s replaced with
a finite sum, and it 1s fursh
ther assumed that the
boundary condition mentloned
earlier 1s satisfied at the
midpoint of each element. In
this manner, N number of
simultaneous linear equations
are obtained wlth respect to
N + & number of unknown
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quantities (intensity Y1 of N number of voktices and flow function
value Yg). By solving N + 1 number of simultaneous equations

T

f 2_1“.ﬂK.-;r:'+¢'o=J'.-Uocosa-‘ons.i“‘” ]\ (16)
I'=1| """ + N (‘\

L Stk 7. SR . ;

which consist of the above comblned Kutta's condition at the
trailing edge, the vortextintenslty, which 1s to say the velocity,
1s obtained.

Kij 1s the influence coefficient from the j-th element to
the 1-th boundary point. By settling the system of coofidinates as
shown in Fig. 10, it can be calculated by the followlng equations.

Kiy= 3 (45— &) n {(45i= 62+ 1.7

+&;1n (&2 4 0*)] - ds;

+aeftanei( 2 ) —eanns( L) (17)

! 454 .. ‘
‘11 éds,-{ln(-%-)—l} ti=g ]

In the case of cascade blades, it is necessary to fuhther

subdivide the j-th element and cobtain it by numerical integration.
However, the above equation may be used in the case of 1 = j.

The calciilation accuracy of Oeller's methced i1s of the same
degree as that of other finite element calculation methods [14, 151/
A comparison with the strict solutlon is shown in Fig. 8. The
accuracy is extremely good.

5.2. Correctilon for Compressibllity Effect

When the velocity of uniform flow becomes high, it is no
longer possible to ignore the effect of compressibllity. The

18



following methods, which are correction methods based on the
approximation theory, whosewspracticality has been confirmed through
comparison wilith experimental results, can be applied.

5.2.1. Karman-Tsien Method

This 1s often used bécause'of its simplicity. First of all,
theevelocity distribution Us 1s calculated for an incompressible
flow, so that the pressure coefficient Cp1 1s obtalned.

(18)

C Cor=1-{YLY
Cn=1-(g")

It 1s assumed that the pressure coefficient Cp corrected for the
compressibility effect 1ls given by the fcllowing equation

_ ' Cyy
- \ (19)

fo MG
V=M 45T hga)

5.2.2. Wilby's Method [L6]

This method is suitable for application to the caleulation of
pressure distributlion by means of Weber's method.

S“’ +S“’ sm 1@ /1%, 1 sma
v Mg (1+ sm 5 I
Us™ / s{z) ES® T
1+( __Q
¥ B J (20)

[ B= /T '__m'z'(i___m‘ét"’jy

The pressure coefficient 1s calculated using the foellowingrequation.

C, =F71_M.T[{ 1+0.2M03(1 - U—";)}“—_Jl (21)
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Since the accuracy of correctlon varies according to the air-
foil shape as shown in Fig., 11, it 1s not possible fo state
unconditionally which method is superior.

85 .2.3.  Stockman's
“Method [19]

v a .
| Mo=0M54 g Mo=tgl3 T po
a=g a=35 = emu—- Weber /Wilby

==~ Karman-Tsien [

M L
-1k —— W alar, Wilby . L -

This is a method

whilch was discovered ex-
perimentally as a

—_
Q0.5

|

[

I

/ o % \§ 0 ffﬂgjﬁx\\iqo correction method for
A Sj: xjo

[ /

; internal flows, such as
cascade blades or jet

;::::::::::::} C:::::::::::> engine intake. 1In

e . e : - order to apply this
Fig. 11. Accuracy check on compres-
sibility correction methods [17, 181. method, the velocity
Wilby's method. distribution Ui on the

Key: a. Strlet solution. wingusurfacesand thi
mean flow velocity Ug
between the cascade

blades are calculated first undénethesassumption that the flow is

incompressible. Next, mean density EC is sought under the assumpz(
tion that the flow between the cascade blades is a compressibie,
one=dimensional flow, and then the velocity U, on the wing surface

is calculated using the following equation.

: U,=U;(%)U‘ﬁ [! (22 )

Fig, 12 shows an example of the application of thils method to
the pressure distribution on the interior of an air intake.
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Fig. 12,
pressiblility correction method
[17]. Stockman's method.

Key: a. Alr intake; b. Engline;
¢. Incompressible flow calcula-
tion; d. Correction for com—
presslbility effect; €. Experi-
mental value; f. Incconpressible
flow caleculation corrected for
compressibility effect;

g. Experimental values {pressur
distribution on upper side of
inner surface); h. 100% flow
volume; 1. 90% flow volume

Accuracy check on com-

e

+

" 5.3, Calculation of. Boundary
" Layer Characteristics

Most of the aerodynamic
characteristics of airfoils
or cascade blades are deter-
mined by the behavior of the
boundary layer on the wing
surface.
the maximum 1ift or the stall
characteristics are determined

In other words,

by the manner in which se-

paration of the boundary

layer occurs, while the

minimum drag is determlned by

the position of transition

of the boundary layer, as well

as by the manner in which

the boundarylilayer develops

thereafter.
Due to recent advances

in the area of calculation

the turbulent

flow boundary layer, the

methods for

accuracy of the estimation of the drag in thevicinity of the design

point has been improved considerably.

However, while the accuracy

of estimation of the separatlion point when the velocity distribu-

tion after the occurrence of separation has been given has become
quite high, a method has not yet been established for the esti-
mation of the velocity distribution when it is accompanied by

separation.

maximum 1i1ft or stall characteristics quantitatively.

It is therefore Impossible at present to seek the

Neverthe-

less, 1t is stlll possible to estimate whether separatlon occurs

or not,

g0 that such estimation methods can be effective in
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Fig. 13. Estimation of separation

point of boundary layer and drag
coefficient [23, 24].

Key: a. Boundary layer condition
onwwing surface; b. haminar flow;
¢. Transition; d. Turbulent flow;
~e. Stagnation point; f. Separation
point; g. Estimation of separation
point; h. Difference calculus;

1. Head's method; j. Calculated
value; k. Experimental values;

1. Experiment (Cp); m. Calcu-
lated (Cp)

gualitative studies or the
Imprevement of the
characteristics.

As shown In Fig. 13,
the boundary layer is a
laminar flow at the air-
foll nose, and undergoes a
transition to turbulent
flow at a certaln point.
When the decrease 1n the
velocity on the wing sur-—
face, thathis, the increase
in pressure, is rapid,
separation can occur either
in thellaminar flow poertion
or in the turbulent flow

portlion.

On this oceagsion, we
will show one method for
caleulating the boundary
layer characteristics 1n an
incompressible flow. In

practice, we use a calculation method in which these characteris-

tiecs are corrected for the compresslibility effect [22], but it will

be omltted in this report.

5.3.1. Laminar ¥Flow Boundary Layer

By means of the Thwaite method [20], the momentum thickness 8

may be obtained Wy the following lntegration process, provided that
the velocity distrlibution U can be obtained,
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()| (23)

Here R 1s the Reynolds number which is defined by the fols
lewing equation intterms of the uniform flow velocity Up, chord
length ¢, and the kinetle viscosity coefficient v of the fluid.

Rﬁi%E\ (24)

In addition, & 1s a quantity whlch 1s defined in the following
manner from thevvédocity distribution u inside the boundary layer.

(25)

N

In this method, 1t is assumed that separation occurs at the
point where the following equation is satisfied.

d(%) J“‘ (26)

5.3.2. Transition

Let the point at which the followlng experimental equation of
Michel [23] is satisfied be the transition point.

224 )erﬁ

. R‘
0.1x 108K, 60 x 108

R‘=1.174(l +

(27)

where

Although there is a certaln distance betweenuthe starting
point and the end point of transition, we will carry out the
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calculatlion of the turbulent flow boundary layer on the assump-
tion that the transition occurs at the single point obtained from
equation (27) for the sake of convenlence of calculation. Also,
when the laminar flow boﬁndary layer undergoes re-adhesion after
separation, the separation point will be consldered as the transi-
tion point.

5.3.3. Turbulent Flow Boundary Layer

Head's method [21] is not only easy to use, but also 1s in
good agreement with the experimental values. In this method, the
mementum thickness 6 1s obtained by solving thétfodhowling 4if-
ferential equatlon.

dg 6 U _Crl
X 'E?+(H+2)Tf dx ~ 2[ (28)

Cp 1s the frictilon coefficlent for which the followlng equa-
tion is widely used.

. Cf =0. 246(10)—0.6731{.( R,i—n.zés\

(29)

Here, H 1s the form coefficient and is a ratio between 8 and dis-

placement thickness &%.

. H-—-T
| 3.=L'(1_%)dy‘ | (30)

In order to solve equation (30), it is necessary to know the
value of H. This is obtained by the fcllowing equations.

d{UoH
b 4D ooy (31)

*ogi
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0.8234(FH —1,1)-1207 H<1.6
1.5501(/ —0.6778)=2%44.3.3 }H>1.6

lmEGUnE{

—_—

)

It 1s noted that thé initial values of 6 and H, 6g and Hp,
are necessary for the above calculations.. These are obtained from
the 6p and Hp at the transitlon point, which was obtalned 1in the
caiculatlon of the laminar flow boundary layer in the followlng

(32)

manner.
‘ ir Rorz=320
. .
Do %?i Reop <320 (33)
r ..
| Hy=fr= (1.18+0.11n Ror —0.005(In Rar)ﬂ (31)

Separation in the turbulent flow boundary layer occurs when
the value of H 1s between 1.8 and 2.4. It may seem that the dif- /8
ference between these upper and lower limits of H is too large.
However, since the increase in H in the vicinity of the separation
polint 1is rapid, this difference becomes small in terms of the
position of the separation point. It is alsc in good agreement
wilth the results obtalned by means of a stricter method (difference
calculus) (Fig. 13).

5.3.4. Wake

In order to obtaln the total drag,which includes the pressure
drag and the frictional drag, the meomentum thickness 6, on the
infinite extension of the wake becomes necessary. For this, the
following Squine-Young equation [23] is used.

‘ 8-=0r5(%7f‘)0'5m"*5) w | (35)
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5.4. Calculation of Three-Component Characteristics

The 1ift coefficient and the pitching moment coefficient are
obtained by inftegrating the pressure distribution on the wing
surface.

CI.:J;L(Cﬁ wwm-—q.ouppm) ff({-) i
Cu= ful(Cp Lower— Cpurper) (f%*i)d(—{-) \ (36)

[4

N

In addition, the drag coefficient can be calculated using
equation (37).

. Co=2({0zs)uppEr + {Ore)Lowen) (%?)O.SCHrzi-SJ E ( -

As 1llustrateduby Flg. 13, the drag value is in good agreement
with experimental values where the angle of incidence is small.
But since there is a large
difference between experi-

CL i
,a
—05e6 BEMA (R © a
o hamae o D mental and calculated values

o 0255 g .C

o {a
——0.533 B TR
Sl ——-0es) ¢ (MRATOYLUR

o o2 xR, C

~of the pressure dlstribution
(Fig. 14), the accuracy is
not good in the estdmation
of Cr, and Cy . This 1s due

. to the practical deformation

i i Mo=025 eslE R=2eigt i =08 es0n Rmaadt of the airfoll profile due

Cp

.....

=]
o
2
z
ay
y
;
y
.
1a}
\.
==y
.
»
)
f”d
g
4

i o

, Tovgias DSYAS25 Dougas OSMAS23 to the development of the

Fig. 14. Boundary layer effect on boundary layer. According
pressure distribution [18]. to Powell [17], the effect

ARER IS
Key: a. Calculated value (non- of thils phenomenon can be

viscous flow); bB. Calculated considered 1n terms of the
value (1lncluding boundary layer);

c. Experimental values followlng three components

- (Fig. 15):
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Fig. 15. Calculation model for

estimation of boundary Zayer

effect (17, 257. Poweld's
method,

A. Flow model concept. The
form produced by the dis-
placement surface is con-
sidered as an independent
airfoll section.

Yy: upper coordinate
¥1,: lower coordilnate
Yt camber

vt ? profile thickness
Sy*: upper displacement

thickness

3r,¥: lower displacement
thickness

dy¥: Wake displacement
thickness

B. Eguivalent profile thickness

y* "J?H";-(Ju'd- &)

C. Equivalent camber and change
in angle ¢f incidence

y.'-eyg-b-;‘(ﬁu'—a:.‘)
+xtan da

b at=a-da

tan J«=-;'(Jv'—az')rs

—

Key: a. Dilsplacement surface

(1) ¢hange in profile
thickness;}

(2) change in camber;

(3) change in angle of
incldence.,

When Weber's method is
used, equation (9) is cor-
rected to enable the calcula-
tion or sfi), s(2) 4ng (3
for profile thickness dilstri-
bution y.¥, which includes
the wake,and then the velocity
distribution is sought from.
S(u) and 8(5), obtained from
the corrected camber y. ¥, as
well as the corrected angle
of incidence o¥ [25]. When
Oeller's method is used, the
velocity distribution is sought
with respect to a form which
1z obtained by cutting off
the wake of an equivalent
airfoll profile at a finite
length. After that, the
equivalent alirfoil profile is
readjusted by goling through
steps 5.2 and 5.3. It is
necessary to repeat this pro-
cess until the pressure dis-~
tribution pattern is settled.
Normally, convergence occurs
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after three or four times,
Flg. 16 shows caleculation
- examples using Weber's method.

- ) As already stated, a
— W Weter/ Wilby; Powetl) _._‘ﬁ;mv:egnmmymnn =

a ¢ Ry o EHE® method which can be applied

Me=0725 e=144" R=15-:107 Mo=0.661 a=257" R=15~10
" ' 1k to cases accompanied by

e C:::::::::::::’ \ separation has not yet been

RAE 2814 (r = DIZI RhE 2815 (t'c= DN]

Fig. 16. Example of pressure dis—
tribution caleculation with cor-— have been made to estimate
rected boundary layer effect.

developed. However, attempts

such characteristics,which
Key: a. Calculated value; are situated outside the de-
k. Experimental value sign point, by adding a
separation domain of an
appropriate form onto the
equivalent airfoil profile, and there is a good prospect for

putting thls method to practical use [27].

6. Design Calculation of Airfoil Profile

The case of incompressible flow 1s considered for the sake of
simpli¢ity. When velocity or pressure distribution insancompres-—
sible flow 1s given, it 1s converted into a velocity distribution
for an incompressible flow under an appropriate hypothesis.

6.1. Design Using Weber's Method

Equation (8) is rewritten so that proflle thickness vyt and
camber y. become the unknown quantlties.

N-1
2 (5C 1w, V‘yd-f-)iSCG(n. v)ye(xal}

(38)

<Uelaw
*" ) /14 (S"’(.t.):tsm(x,)j? -l+—bm’n

1
|
!
v |
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wWhere

+sin a\/ -1-;"-&-5(33(#. v)
" ‘

(39)

It is indicated that + fepresénts the value on the upper

surface and - the value on the lower surface,
the following equations

are derived.

R
EISCI(M. v)¥e(2p)

=0.5{F.(x,) +F_(xv)}

N-1
pz;lsce(#- ¥)y:(xa)

=0.5{Fe(n) - F(n)}

From equation (38),

(40}

Since the right side of these equations are nonlinear func-

tlonsueof y¢ and Yos repeated calculations are required for solving

a
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Example of airfoll profide

calculation using Weber's method
(center section of a three-dimension-

al wing).
Key:

a. Initial profile; b. Number

of repetitions; ¢. Filnal profile
(fourth repetltion); d. Design
pressure distribution; e. Upper

surface; f. Lower surface; g.

Center

section; h. Airfoll design angle of

incidence

them, but, normally,
convergernice is obtalned
after three to five times.

It is noted that it

is also possible to intro-

duce the compressibility
effect dlrectly into the
calculafion by using
equation (20). A calcu-
lation example is shown 1in
Fig. 17.

6.2. Design Using Oeller's

" Method

The great advantage
of thls system in design
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calculation 1s that x(s) and y(s) are manifested positlvely outslde
the integral, as i1llustrated by egquation (12).

First of all, an appropriate airfoll section is glven as
the 0-th approximation of the repéated calculation process, and
K13 is calculated. ¥q is thén obtalned by solving equation (16).
Then a new y(s) is calculated from the given design velocity
distribution by means of equation (41). For the convenience of
calculation, 1t is assumed that x(s) does not change.

1 .
‘| Y(St)=?m{z(x,)f!usmc/ (-Lll)

N
"l'f,”u'?:ngKijU(si)} |

After Ks3 1s obtained and ¢y is recalculated for the newly
obtained airfoil profile, the velocity U(SJ) at the boundary point
is obtained from the calculation of distance s, which is measured
along the surface of this airfell profile. Then, the next apprexi-
mated value is sought using the above equation. This process is
repeated until the profile converges.

It is noted that when the veloclties of the upper and lower
surfaces are given arbltrarily, it sometimes results in the non-
closure of the tralling edge or the intersection of the upper and
lower surfaces. It is thus necessary to make appropriate correc-
tiong in the veloclty distributionsairl thefédurseiofnthedfépetition
processol28]ihaWhéhethepveloeity distribution and profile thickness
distribution of either the upper or lower surface are given, such
corrections become unnecessary. Calculation examples are shown
in Fig. 18.

30



it e
’l

————————
- -
——

- mapzagnl
ao=3L7" =077

1 H i
[ 3 ¢ s 1

I 0
B rfe &le

Fig. 18. Examples of airfoil and cascade profiles cal-
culateédbbpy the finite element method [28].

Key: a. Target value
b. Initial value
c. Third repetition
d. Sixth repetibidion
e. Tenth repetitibon
f. Cascade sectilon design
g. Singleadirfoil design

7. Design Examples

Since the analysis of aerodynamic characteristics and airfoil
design calculations have become easiler,mzas we have s3een, attempts
are being made to develop airfoils of better performance thahnthe
existing airfolils, as well as airfolls designed for special uses.
In this report, we will introduce three examples.

7.1, High Lift, Low Drag Airfolls

By seeking a pressure distributionwmwhich would maximize the
1ift which can possibly be exhibited by the upper wing surface
under the condition that the separation of the boundary layer must
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Cp=0013
R =6x108

m m
— e

Cr=276
Cp=0008
R =10x106

Key: a. Upper surface; b. Design
pressure distributlon; c¢. Lower
surface

e = 34
a e=124
v a=|gr

not. occur, and then
constructing an airfoll
which fulfills such

-eriteria, one can ob-

taln a wing of high
1ift and low drag. A
series of airfoils,
called Liebeck's air-~
foils [13], were de-
signed using such a
concept. The design
1ift coefficlent is as
much as 2.7.in some of
these airfolls (Fig. 19).
Fig. 20. shows the
results of a wind
tunnel test conducted
on an alrfoil whose

——

Bag? - -
(i) mgtakants = = e
rig
| 3 L -
‘ r- K
I A
[ %
! K ‘ J
i

Fig. 20, Experimental results offadlfiebeektbs adkrfoll [29].

Calculated values
Upper surface

Lower surface
Experimental values
Calculated wvalue
Separation polnt

Key:

O 00 oD
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Ct, pESIGN is 2.1. Although the t
thls example, it 1s reported that
satisfied in other unpublished re

arget. values are not achieved with
/10

———

design characteristics were
sults of wind tunnel tests,.

Nonweller's low-drag airfolls [30] (Fig. 21) are not neces-
sarily deslgned for high 1ift, but some of them have high design

11ft coefficlents. Fig.
for an airfoil whose Cr, DEsSIGN 18
1.89. It
characteristics have been greatly
NACA airfoils of similar profile

low drag domain 1s Cp,

22 shows

the results of a wind tunnel test

1.39,,and the upper limit of whose

is clear that 1ts high 1ift

improved when it is compared wét
thicknesses.

Gu

23-784
GU 43-528

—Cr=1i8

________
S

—r=122
——CL=074

)

L

Fig. 21.

Key: a. Upper surface
b. Deslgn velocity di
¢. Lower surface

— =2l

G 63734

Some of Nonweiler's airfoils [30].

—y =079

_,\ ’ —emee O =026

wmmem CL=0.73

O T

GU 25-5(11)8

——Cr=128
----- Cr=077

stribution

In addition, Liebeck's airfolls have upper surface pressure

distributions whilch are =sultable
free struts [24] (Fig. 23).

for designing thick, separation-
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¥ig. 22. Experimental results of a Nonweller's air-

foil [31].

Key:

. Calculated value

. Estimation (Powell's method)
. NACA airfoils [2]
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Fig. 23. Thick, separafion

tion-free strut [24].

Key: a. Laminar flow;
b. Turbulent flow

a
b. Experimental wvalue
c
d

7.2. Rooftop-Rear Loading firfoils

In the case of wings for high
speed aircraft, it is required that

; R=5%10¢ the Mach number of rapld drag in-

crease My (Fig. 74) be high. The
cause of rapid drag increase can be
attributed to impact waves generated
from a supersonic domain which occurs
on the wing surface. The waves cauze
the separation of the boundary adyer.

The airfoils in question were designed tocounter this problem. They
dredesigned in such asway that the velocity distribution on the
upper wing surface is held to below the velocity of sound at the

design point (rooftop)

» While the insufficlency in the 1ift is

compensated by cambering the rear part of the wing (rear loading)
(Fig. 24). This airfoll type may be subjected to minor corrections
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in order to improve
its characteristics
outside the design

J X point as well. Such

’l Mp=070 CrLp=0.30 b Mp=070 CLp=0.36

an airfoil is used

k RAE J02-10-40-65 RAE104 -14-60-70 RAE 102 -1B-60 -€5 in the Eurcpa Alrbus

—— A 300 B.

7.3. Cascade Blades

S {3 - [} " - J
<

I S ! )

af o afd ali

[ 1 ’
" Mp=0.6% CLp=098 Mp=0.70 CLp=0.59 Mp=065 Crp=058

As far as cas-

A = cade blades are
?i%iszﬁézjéo@e rooftop-rear loading air- concerned, there do
not seem to be air-
foils that were
designed with specifie
objectives as were the
two Types mentioned above. How-

everip the deslign of tandem

Xey: a. Upper surface; b, Design pres-
sure distributilon; c. Lower surface

cascades, such as the one shown
in Fig. 25, has been attempted
[15], s0 that it is conceivable
that cascade blades with new
profiles may be developed in the
future.

8. Conclusion

Eﬁm- omEg d Since 1t has become eagier
FPig. 25. Examples of tandem to design airfolls through cal-
g?:giggugigﬁ fggﬁtop pressure culation and since, at the same

time, the relisbility of realcu-
Key: a. Target; b. Calcula-

tion; c¢. Final profiless lations has beem 1mproved, it 1s
d. Initial profilles. now possible to pursus the

den
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development of airfoils, which was conducted in the past by the
trial-and-error method through wind tunnel tests, in shorter
periods and at lower costs. Thils has led to the followilfig changes.

(1) It is now possible to develop optimal airfoils which
satisfy the specificatioﬁs required by new ailrcraft types to be
developed with relativé éasé. This 1s a maJor improvement over
the past method, which was héstricted to the use of airfoills
which may not have been optical from the limited selections in
airfoll catalogs.

{(2) The development of alrfoll systems with special charac-
teristics has become easier. In other words, Vvarious types of
alrfolls can be obtalned by varylng the veloélty or pressure dis-
tribution in accordance with the target aerodynamic characteristies.
In fact, the development of such airfoils,as an airfoil whose
profile thickness is maximum with respect to a given drag coeffi-
cient, an a®rfoll whose profiles thickness 1s maximum for de-
signated upper surface pressure distribution and 1ift coefficient,
or an airfoll of high maximum 1ift coefficient, has been carried

out.

At present, the confirmation of final characteristics still
depends on wind tunnel tests, due to the insufficlent accuracy
of¢eStimatdon of characteristics which are greatly removed from
the design point. But there is a goodpprospect that this problem
too could be handled through calculation so that it would seen
that such methods as the ones discussed in this report will become
bndispensablecin airfoll design procedures from now on.
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APPENDIX

‘Equations for the calculation of
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